The population of a ciliate protozoan, Paramecium multimicronucleatum, exhibits a circadian rhythm as measured by the number of the cells traversing an observation point ("traverse frequency," or TF). The present study examined phase shifting of the TF rhythm by administering 2-hr light pulses at different phases of the circadian cycle to cultures freerunning in constant darkness (DD). The results were summarized in a phase response curve (PRC), categorized as Type 1. This PRC indicated a relatively narrow phase zone insensitive to the light pulse ("dead zone"). Entrainment of the rhythm to light pulses repeated at 24-hr intervals was also examined, and it was found that the rhythm gradually reached a steady state, following several transient cycles, with the pulses falling at a phase corresponding to the narrow dead zone. Such a steady-state rhythm, with a minimum at ~3 hr after the pulse and a maximum at ~12 hr after the pulse, was mathematically simulated by superimposing a response function to the pulse on a sinusoidal function representative of the free-running rhythm in DD.
Behavior of the ciliate protozoan, Paramecium, is becoming better known as the number and range of studies increase and as a greater variety of techniques are employed, such as electrophysiology, genetics, biochemistry, and electron microscopy (see Dryl, 1974; Kung and Saimi, 1982; Naitoh, 1982) . This specimen provides an attractive laboratory choice for unicellular studies by multiple techniques, simply because of its comparatively large body size and because it is relatively easy to raise, care for, and maintain. In spite of its potential excellence as a model for the cellular study of circadian behavioral rhythms, this single-celled animal had not been practically employed in such studies until we demonstrated the circadian behavioral rhythm of P. multimicronucleatum-its third known circadian phenomenon (Hasegawa and Tanakadate, 1984;  , following discovery of its circadian rhythms for (1) mating type change (Barnett, 1966) and (2) cell division (Barnett, 1969) .
The number of Paramecium cells hourly traversing an observation window (&dquo;traverse frequency,&dquo; or TF) of an experimental vessel oscillates in a light-dark (LD) cycle, forming a trough during the day and a peak at night. This oscillation persists even in constant darkness (DD) . Statistical analysis applied to the TF rhythm highlights the circadian accumulation-dispersal behavior of the Paramecium population. It shows that individual specimens in populations in an LD cycle accumulate in the vicinity of the observation window, swimming slowly and turning frequently at night and also &dquo;subjective night,&dquo; causing large TFs; during the day and &dquo;subjective day,&dquo; they disperse throughout the vessel, swimming fast and unidirectionally, consequently producing small TFs (Hasegawa and Tanakadate, 1984) .
A periodic sensitivity to single short light pulses has been recognized as a key property of all circadian rhythms and is referred to as the &dquo;phase response curve&dquo; (PRC) (for references, see Hastings et al., 1976; Pittendrigh, 1981) . The present study has provided for the first time a detailed PRC for the phase-shifting effect of light perturbations for the circadian rhythm in this single-celled animal, as a step in our study of the Paramecium circadian behavioral rhythm.
The results showed that the Paramecium population exhibited a PRC categorized as &dquo;Type 1&dquo; (see Winfree, 1970) , with a &dquo;weak&dquo; perturbation caused by 2-hr, 1,000lux light pulses. In addition, experiments were carried out to study entrainment to single light pulses repeated at 24-hr intervals, and the behavior of the rhythm was simulated with a mathematical model.
MATERIALS AND METHODS
Stock cultures of P. multimicronucleatum (syngen 2) were grown in a hay infusion bacterized with Klebsiella pneumoniae in LD 12:12 (1,000 lux; cool-white fluorescent lamps). A small amount of the cell suspension (about 10 ml) was pipetted into an experimental dish, to which were added about 4 ml of fresh hay infusion and several boiled hay strips (a mixture of timothy and orchard hay, 1:1). The cell suspension was kept in the same LD cycle at 20°C until experiments commenced.
The system and the method of measuring the circadian behavioral rhythm of the Paramecium population have been described elsewhere (Hasegawa and Tanakadate, 1984; Tanakadate et al., 1985) . Briefly, Paramecium cells swimming in the experimental dish randomly passed freely through an infrared light beam, 1.0 mm in diameter (wavelength, 800-2,000 nm), directed through the center of the dish; images of Paramecium cells passing through the beam were magnified on the CRT of a TV monitor. The number of magnified Paramecium images traversing below the surface of a portion of the CRT where photocells were fixed were counted every 10 min using a microcomputerized closeup video/photoamplifier system. The 10-min counts were then summed as 60-min data and subjected to a 13-point moving average procedure to yield the TF (i.e., the average hourly number of Paramecium images traversing the field).
For the rhythm in DD, the circadian time (CT) 0 of the TF rhythm corresponded to dawn of the previous LD cycle; the period of the free-running rhythm in DD appeared to be very close to 24 hr in DD .
RESULTS

RESPONSIVENESS TO BRIEF SINGLE LIGHT PULSES
In order to determine the PRC to light, the Paramecium cells were synchronized by prior exposure to LD 12:12, released into DD free-run, and then perturbed by a 2hr light pulse (1,000 lux) at different phases of the first cycle, after which there followed persisting oscillations (Fig. 1 ). A light pulse given at the early subjective day evoked a transient decrease in TFs in the first DD cycle, but had little effect on the phase of the rhythm (Fig. 1B) . A pulse during early subjective night also caused a prompt but transient decrease in TFs and a phase delay (Fig. 1C ), while at late subjective night the TF rhythm was reset by a phase advance (Fig. 1D) .
The magnitudes and signs of the phase shifts of the TF rhythm caused by the light pulses were plotted as a function of the onset time of the light pulse, yielding a PRC ( Fig. 2A ). This could be characterized as having little or no response during the early subjective day (-CT 2--CT 6), phase delays during the late subjective day and early subjective night (-CT 6-CT 18), and phase advances during the late subjective night (CT 18--CT 2).
These characterizations were clearly demonstrated by mapping the CT when light perturbations were given and the resultant phase shift (new CT) was measured from each perturbed CT (old CT; Fig. 2B ). This figure shows that the &dquo;dead zone&dquo; was comparatively narrow (-CT 4--CT 6). Large phase shifts, whether delays or aduays s FIGURE 1. TF rhythms perturbed on the first day of a DD free-run by a light pulse (1,000 lux for 2 hr). (A) A control free-running rhythm with the period (T) of 24.1 hr. (B-D) TF rhythms perturbed by pulses (shown by downward-pointing arrows) applied during CT 2-4, CT 16-18, and CT 20-22, respectively. The dotted vertical lines on abscissas mark the time of the minimal TF of the first DD cycle, and the times corresponding to those in the second and third cycles, when the minimum would be expected to occur without light perturbation. Solid vertical lines on abscissas mark the occurrences of the minimum TFs actually observed in the second and third cycles. Horizontal arrows between dotted and solid lines indicate directions and amounts of phase shifts estimated by time differences between actually observed minima and expected ones. The black bars on the abscissas indicate dark periods. vances, were caused by light pulses immediately before and after CT 18; these were shifted to CTs that were still sensitive to light pulses, suggesting that light pulses repeated at 24-hr intervals will result in repeated phase shifts until the pulse finally falls in the dead zone (see below). On the basis of the PRC, the resultant new CT was plotted as a function of the old CT (Fig. 2C) , yielding a phase transition curve (PTC; Winfree, 1970) indicating that the PRC was of a Type 1 (weak) category.
ENTRAINMENT TO LIGHT PULSES REPEATED AT 24-HR INTERVALS Entrainment of the TF rhythm to single pulses (durations of 1.5 hr or 2 hr) repeated at 24-hr intervals was examined with pulses at the following initial phases: CT 0-1.5, CT 10.5-12, (Figs. 3A-3D ). The traces in this figure illustrate the course of the entrainment of TF rhythms to the pulses, involving phase shifts over several cycles, which were dependent on the initial phases. Approaches to the steady-state phases are visually demonstrated in Figure 4 by plotting times between the maximum TF and the onset of the pulse against the days of experimentation. The times for pulses initially repeated at CT 0-1.5 showed a tendency to gradually decrease and converge to a steady-state value (13.9 hr after single pulses; see figure legends), with increasing fluctuations as convergence to the value took place. The times for the pulses repeated at CT 10.5-12 exhibited a &dquo;converse&dquo; tendency to gradually increase and approach a steady-state value (12.3 hr after pulses), also with increasing fluctuations as that value was approached (Fig. 4A ). The times for pulses immediately before CT 18 gradually increased to converge at a steady-state value (13.1 hr after single pulses). For pulses repeated immediately after CT 18, there followed remarkable decreases in the times for the first two cycles of the pulses before consecutive increases that asymptotically approached a steady-state value (14.1 hr after pulses). Figure 5 shows TF rhythms with the light pulses beginning at each different phase, recorded on the 7th cycle in repetition of single pulses at 24-hr intervals, when it could be considered that the steady state had almost been attained. These rhythms showed essentially the same pattern, with a minimum TF 1 hr or 2 hr after the onset of pulses, and a maximum TF at-12 hr after the pulse, as described above. Fig. 3 ): A, y = 13.9 + 5.9 exp( -x/1.1), r = 7.0, where y corresponds to the times, and x to the number of cycles in the single pulse; B, y = 12.3 -1.8 exp(-x/0.6), r = 18.7; C, y = 13.1 -12.8 exp(-x/2.1), r = 13.3; and D, y = 14.1 -5.5 exp[ -(x -2)/3.01, r = 6.8 (for data from day 3 in the single pulses). The PRC for the Paramecium TF rhythm obtained by single light pulses (intensity, 1,000 lux; duration, 2 hr) consisted of an advance section during late subjective night (CT 18-CT 24) and early subjective day (CT 0--CT 2), and a delay section during late subjective day and early subjective night (-CT 6-CT 18). Its general form was similar to Type 1 PRCs found to result from weak pulses (Winfree, 1970 (Winfree, , 1976 (Fig.  2C) for a variety of other circadian rhythms in unicells such as Gonyaulax (Hastings and Sweeney, 1958; Hastings, 1964; Taylor et al., 1982) , Euglena (Feldman, 1967; Edmunds et al., 1982) , and Acetabularia (Pittendrigh, 1981) , and invertebrates such as Aplysia (Jacklet, 1974) and Drosophila (Pittendrigh and Minis, 1964) . By plotting the &dquo;old&dquo; CT (the time when the perturbing light pulses were given) and the &dquo;new&dquo; CT that was eventually attained, it was possible to distinguish certain features of the rhythm entrainment process for the Paramecium populations. These were (1) a relatively narrow range of zero phase shift (&dquo;dead zone&dquo;) from -CT 4 to -CT 6 (Fig. 2B) ; and (2) an advance or delay phase shift caused by a pulse near CT 18 (this shift drove the oscillator to a new phase position where it would be possible for a second pulse to bring about a second phase shift, a third pulse a third shift, etc.).
Stimulation of the population by single light pulses at 24-hr intervals practically caused successive phase shifts in the rhythm until entrainment was eventually achieved, with the pulses falling in the dead zone. The pulses, initially falling at times corresponding to the old CT 0 and CT 12, caused successive small phase shifts in opposite directions (Figs. 3A, 3B, and 4A ). When the single pulses began immediately before and after the old CT 18, there were initially large phase delays and phase advances, respectively. Then there followed a succession of small delaying transients as the rhythms regained their steady states, with the pulses falling in the dead zone of the rhythm (Figs. 3C, 3D, and 4B) .
The resulting steady-state rhythms exhibited qualitatively the same patterns, with a minimum TF at-3 hr after the pulse and a maximum TF at-12 hr after the pulse (Fig. 5) . The steady-state rhythm entrained by the repeated pulses can be compared with the &dquo;sinusoidally free-running&dquo; rhythm in DD, the minimum of which has been plotted to coincide with the time of the single pulse (new CT 0, Fig. 6A ). The former experienced a transient decrease immediately after the pulse, then gradually approached a free-running rhythm-12 hr after the pulse, and then superimposed itself roughly on the DD free-run curve during the later part of the rhythm phase.
This characteristic response can be simplistically interpreted using two relaxation functions, one expressing responsiveness to the onset of the pulse with a relaxation time of -1 hr, and the other responding to the cessation of the pulse with a relaxation time of -10 hr (Fig. 6B, i) . Superimposing this response function on a sinusoidal function (Fig. 6B , ii) helps demonstrate its resemblance to the steady-state rhythms in Figure 6A , and also describes the steady-state responsiveness of the overt TF rhythm to a 2-hr light pulse: A quick TF decrease occurs during the pulse, with a gradual recovery taking as long as 10 hr before recovering to a state resembling the innate free-running oscillation in DD. Figure 3A , and that of the rhythm free-running in DD from the 2nd cycle shown in Figure lA . The free-running rhythm is arranged such that the minimum TF coincides with the time of the single pulse (new CT 0). The black bar on the abscissa indicates the dark period, and white bands on the black bar indicate the single pulses. (B) A simulation of the steady-state pattern of the TF rhythm in the single pulses with a hypothetical response function of the TF to the single pulse. (i) The response function is composed of two &dquo;Lorentz&dquo;-type relaxation functions (see Ziman, 1965) , the first of which corresponds to TF's responsiveness to the stepwise &dquo;increase&dquo; of light intensity (the onset of the single pulse, shown by a downward-pointing arrow). This function is expressed as y = -X21(11t,2 + X2), where x is the time variable and t, the relaxation time after the light comes on (= 1 hr). The second function conforms to TF's responsiveness to the stepwise &dquo;decrease&dquo; of light intensity (the offset of the single pulse, shown by an upward-pointing arrow). This function is expressed as y = X21(11t,2 + x2), with tz being the relaxation time after the light is switched off ( = 10 hr). (ii) An illustration of the superimposition of the response function shown in i above on a sine function, which is arranged so that the minimum TF corresponds to the singlepulse onset time.
The combination of this response function and the results of our previous study (Hasegawa and Tanakadate, 1984 ) may indicate that the light pulse encourages a rapid forward movement among individual specimens and results in a dispersion of the population away from the observation window, thereby leaving the TFs quickly decreased; after the pulse, the individual specimens gradually recover their nonstimulated behavior (again swimming more slowly and turning frequently) and naturally accumulate in the vicinity of the window by about 10 hr after the pulse, at which time the maximum TF appears.
Electrophysiological studies have shown the locomotor behavior of Paramecium to be governed by electrical activity in the cell membrane (see Dryl, 1974; Kung and Saimi, 1982; Naitoh, 1982) . Our own recent circadian tracking studies of an isolated Paramecium cell, using an automated &dquo;bug tracker&dquo; (Hasegawa et al., 1987; Hasegawa and Tanakadate, in preparation) , confirm that the characteristic circadian behavior of an isolated cell qualitatively coincides with that of a cell population, as previously described (Hasegawa and Tanakadate, 1984) . This indicates that the circadian behavioral changes in Paramecium population may be related to changes in the electrical membrane activity of individual specimens, and therefore that the time course of TF change stimulated by light pulses may be associated with the recovery process of the membrane activity to its nonstimulated steady state.
The time taken by the transient cycle phase of the Paramecium rhythm for reversion to a steady-state relationship with the pulses is relatively long, compared to that for Drosophila (Pittendrigh and Minis, 1964) . The tendency for phase &dquo;0&dquo; of the pacemakers to eventually coincide completely with the time when TFs are quickly depressed by the light pulse can have two plausible explanations: (1) The pacemakers of individuals are immediately reset to the new CT 0 by a single light pulse, whereas the overt TF rhythm of the population is merely masked to quickly follow the reset pacemaker; or (2) the pacemaker itself takes a long time to regain a steady-state phase relationship with the pulses. A clarification of these possibilities is relevant to evaluating the &dquo;population effect&dquo; of pacemaker cells in a multioscillator system and may perhaps be accomplished through measurement of the behavioral rhythm in an isolated cell of the Paramecium. Such measurements are now in progress in our laboratory.
